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Abstract. Black auroras are recognized as spatially well-
deﬁned regions within uniform diffuse aurora where the op-
tical emission is signiﬁcantly reduced. Although a well stud-
ied phenomenon, there is no generally accepted theory for
black auroras. One theory suggests that black regions are
formed when energetic magnetospheric electrons no longer
have access to the loss cone. If this blocking mechanism
drifts with the source electron population in the magneto-
sphere, black auroras in the ionosphere should drift eastward
with a velocity that increases with the energy of the precipi-
tating electrons in the surrounding aurora, since the gradient-
B curvaturedriftis energydependent. Itis the purpose of this
paper to test this hypothesis. To do so we have used simul-
taneous measurements by the European Incoherent Scatter
(EISCAT) radar and an auroral TV camera at Tromsø, Nor-
way. We have analyzed 8 periods in which a black aurora
occurred frequently to determine their relative drift with re-
spect to the ionospheric plasma. The black aurora was found
todrifteastwardwithavelocityof1.5–4km/s, whichisinac-
cordance with earlier observations. However, one case was
found where a black patch was moving westward, this being
the ﬁrst report of such behaviour in the literature. In general,
the drift was parallel to the ionospheric ﬂow but at a much
higher velocity. This suggests that the generating mechanism
is not of ionospheric origin. The characteristic energy of the
precipitating electron population was estimated through in-
version of E-region plasma density proﬁles. We show that
the drift speed of the black patches increased with the en-
ergy of the precipitating electrons in a way consistent with
the gradient-B curvature drift, suggesting a magnetospheric
mechanism for the black aurora. As expected, a compari-
son of the drift speeds with a rudimentary dipole ﬁeld model
of the gradient-B curvature drift speed only yields order-of-
magnitude agreement, which most likely is due to the night-
side disturbed magnetosphere being signiﬁcantly stretched.
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1 Introduction
Black auroras are easily recognized as relatively small re-
gions with a distinct reduction of auroral luminosity, within
large-scale regions of otherwise homogeneous diffuse au-
rora. Two distinctly different types of black auroras have
been identiﬁed. The most commonly observed are black
patches, which exhibit a variety of forms and, mapped to
an altitude of 105km, they are typically around 5×1km in
extent (Trondsen and Cogger, 1997; Kimball and Hallinan,
1998a). The second type are black vortex streets, which have
a clockwise rotation (opposite to that of auroral curls), and
commonly have a wavelength of about 1–3km (Trondsen
and Cogger, 1997; Kimball and Hallinan, 1998b). Both types
are most common in the midnight sector in the late substorm
recovery phase. The visual appearance of the two types is
dramatically different, basically because black patches show
no signs of shear. While black patches move predominantly
in the eastward direction with a speed of 1 to 4km/s (all
the black patches of Parsons and Thomas (1973); Schoute-
Vanneck et al. (1990) and Trondsen and Cogger (1997) were
drifting eastward), black vortex streets exhibit a large spread
in both drift direction and speed. Black patches have also
been found to have much longer lifetimes than the vortex
structures. Black arcs, typically around 0.5km thick (Trond-
sen and Cogger, 1997), are an intermediate state which can
be difﬁcult to classify. This is foremost because both black
patches and vortex streets often are formed from black arcs,
but also because the drift direction of an east-west aligned
arc with smooth boundaries is difﬁcult to estimate. In this
paper we focus on the drift of black patches.1612 E. M. Blixt et al.: Relative drift between black aurora and the ionospheric plasma
The generation mechanism of black auroras is uncertain.
Two major mechanisms have been proposed over the years:
1. An active ionospheric mechanism where a downward
ﬁeld-aligned current associated with a positive space
charge is pulling cold electrons out of the E-region
(Royrvik, 1976; Marklund et al., 1997; Trondsen and
Cogger, 1997). This mechanism has predominately
been associated with black vortex streets.
2. A magnetospheric mechanism that locally hinders the
strong pitch angle diffusion/scattering into the loss
cone, and thus stops electrons from precipitating (Kim-
ball and Hallinan, 1998a; Peticolas et al., 2002; Blixt
and Kosch, 2004).
We refer to the latter as a blocking mechanism, although
it can be argued that it is not an active blocking mecha-
nism, but merely a region where the strong pitch angle dif-
fusion/scattering is not enabled. However, the fact that pitch
angle diffusion is enabled in the large area covered by the dif-
fuse aurora, and that black regions within the diffuse aurora
are very small and coherent structures, justiﬁes our choice of
terminology.
The relative drift between the black aurora and the iono-
spheric plasma can provide us with important information
regarding the source mechanism. The generally most ac-
cepted theory of black vortex streets associates them with a
Kelvin-Helmholtz instability due to shear in the E×B veloc-
ity induced by an excess positive charge. As such, the vor-
tices must move with the plasma ﬂow (Keskinen and Gan-
guli, 1996; Marklund et al., 1997; Kimball and Hallinan,
1998b). It is expected that auroral features associated with
ﬁeld-aligned currents move more or less with the E×B ﬂow
in the E-region, although a relative drift of the aurora with re-
spect to the background plasma of around 100 m/s has been
observed (Haerendel et al., 1993). This relative drift velocity
is found to increase during the expansion phase of a substorm
and for bright aurora (del Pozo et al., 2002b). The relative
drift is thought to arise from parallel electric ﬁelds which
decouple the ionosphere from the magnetosphere and the ac-
celeration region, a mechanism referred to as braking ﬁeld
lines by Haerendel et al. (1993). So in the case of black au-
rora, where the parallel electric ﬁeld is expected to be small,
or directed downwards, the relative drift should be expected
to be small.
On the other hand, it has been suggested that black auro-
ras are due to structures in the hot electron population which
gradient-B curvature drift around the Earth (Kimball and
Hallinan,1998a). Ifthesestructuresdriftalongwiththeener-
getic plasma, the black patches should follow the drift of the
hot magnetospheric electron population. This drift velocity
is energy dependent, so we are interested in the relationship
between the energy of the precipitating electrons, which sur-
round the black patches, and the ionospheric drift velocity of
the black aurora. By combining radar and optical data of the
black aurora, it becomes possible to study this relationship.
We begin in Sect. 2 by describing the instrumentation used
in the study. Then in Sect. 3 we discuss the observations and
the drift speeds we have observed in the black aurora. In
Sect. 4 we explain how the characteristic energy of the auro-
ral particles have been obtained, and we establish a positive
correlation between the characteristic energy of the auroral
particles and the black auroral drift speed in Sect. 5. The
main results and conclusions are summarized in Sect. 6.
2 Instrumentation
TheEISCAT(EuropeanIncoherentScatterfacility)mainland
UHF radar consists of three antennae; the transmitter, located
in Tromsø, Norway (69.58◦ N, 19.22◦ E), and two receiv-
ing antennae, one in Kiruna, Sweden (67.86◦ N, 20.44◦ E)
and one in Sodankyl¨ a, Finland (67.36◦ N, 26.63◦ E). In the
tristatic mode, each antenna measures the line-of-sight ve-
locity of the ion population in a given common volume. For
a common volume in the F-region (∼300km), where the
collisional drift is negligible compared to the E×B drift, a
good estimate of the horizontal local E×B plasma drift is
obtained. Post-integration of the radar data (a basic integra-
tion of 5–10s is typical) is needed to reduce the noise in the
measurements. The radar data from the March 2002 events
were post-integrated for 30s, while 20-s integration was used
for the radar data from March 2003. However, to obtain the
tristatic velocity estimates from the radar data, it was nec-
essary to perform additional post-integration, to a total of
300 s, to obtain enough signal-to-noise ratio. The March
2002 experiment was “tau3”. This has an initial time resolu-
tion of 5s and an unambiguous height resolution of 5.4km.
The March 2003 experiments were “arc1”, which have a sub-
second time resolution and a range resolution of about 1km.
The ﬁrst range gate was around 92km for both experiments.
To optically identify and track the black patches, the digi-
tal auroral imager, Odin, from the University of Tromsø was
used. The imager consists of a GEN III, extended blue, im-
age intensiﬁed (XYBION ISS-750) camera. A F0.95 lens
with 14.35×10.92◦ ﬁeld of view (yields a 26.4×21.1km
view at 105km altitude), observing in white light, was used
in all observations. The video stream is digitized in real time,
and converted to (PAL) DV, and a GPS controlled time stamp
synchronizes the imager to the radar. The imager was lo-
cated close to the Tromsø antenna (<500m), and pointed up
along the magnetic ﬁeld line direction, parallel to the radar
beam. To derive the velocity of the black patches, we have
identiﬁed the center of form of the structures, which is anal-
ogous to the center of mass of the black structures if the
black pixels had been given a mass. These center of forms
have been tracked as they traverse the ﬁeld of view. The
black patches can be tracked for approximately 10–15s be-
fore they change their shape too much or disappear out of
view. Longer measurement times yield better velocity es-
timates. The distance the center of form moves is simply
calculated by mapping the auroral luminosity to an altitude
of 105km. This choice of altitude follows from the plasmaE. M. Blixt et al.: Relative drift between black aurora and the ionospheric plasma 1613
Table 1. Overview of events analyzed in this paper. K is the local 3-h averaged activity index.
Name Date & Time [UT] K MLT sector Substorm phase
2002-03-05
02A 20:03:20–20:05:00 5 pre-midnight Growth/quiet
02B 20:12:58–20:14:46 5 pre-midnight Growth/quiet
02C 20:21:20–20:22:34 5 pre-midnight Growth/quiet
2003-03-02
03A 22:01:10–22:04:10 6 midnight Expansion
03B 22:04:30–22:07:30 6 midnight Expansion
03C 23:52:20–23:57:20 6 post-midnight —
2003-03-04
03D 22:57:30–22:58:20 5 post-midnight Recovery/onset
03E 23:09:30–23:13:40 5 post-midnight Recovery/onset
density measurements shown in Figs. 7 through Figs. 10, if
we assume the peak in electron density coincides with the
peak of ionization (peak luminosity). The error in the veloc-
ity estimate varies linearly with the error in the altitude esti-
mate, which is less than 10%, as estimated from the peak of
the electron density proﬁle. The velocity estimate of the per-
turbations traveling along the border of the black aurora (the
ripple drift) is less certain. However, we are not seeking any
quantitative measure of the ripple drift in this paper, instead
we are merely interested in it as a qualitative indicator of the
behavior of the black aurora, as there is reason to believe that
sheared black auroras are different to simple black patches
and arcs (see discussion in Blixt and Kosch (2004), Kimball
and Hallinan (1998a) and Kimball and Hallinan (1998b)).
The Kilpisj¨ arvi IRIS imaging riometer (69.05◦ N,
20.79◦ E) operates at 38.2MHz, and monitors the relative
cosmic noise absorption in 49 different beam directions.
The absorption maximizes at around 90km altitude and
below, which corresponds to precipitating electrons with
characteristic energy of a few tens of keV to a few hundred
keV (del Pozo et al., 2002a). The effective ﬁeld of view
at 100km altitude is a square which covers 67.8◦–70.2◦
latitude and 17.8◦–23.8◦ east longitude, so the ﬁeld line
which crosses the EISCAT common volume at 300km
altitude is well within the ﬁeld of view.
3 Observations
The data presented in this paper stem from two observa-
tional campaigns, one in March 2002 and one in March 2003,
where EISCAT was run in a tristatic mode and the common
volume was monitored through the Odin imager. A typical
observation of black patches, with the EISCAT plasma drift
velocity measurement superposed, is shown in Fig. 1 (this
one from 2 March 2003, 22:02:08 UT).
Table 1 gives the geophysical context for each black au-
rora event in the two campaigns. The substorm phase has
2003-03-02, 22:02:07.96 UTC
East, 300 m/s
North, 300 m/s
Fig. 1. An example image of the black aurora from event 03A.
The velocity measured from the EISCAT radar is shown as a vector
near the center. Note how the black structures are aligned with the
plasma velocity vector.
been determined using the University of Tromsø’s magne-
tometer chain in northern Scandinavia. The March 2002
events (02A–02C) happened just after a substorm, during
rather quiet conditions. The March 2003 events (03A–03E)
allhappenedinsubstormexpansionphaseorrightinbetween
substorms, and exhibit much more active auroras than the
2002 events. This is also seen in the electron density mea-
surements. For March 2002 (02A–02C) the electron density
rarely exceeds 1011 m−3 (Figs. 7 and 8), while it is signiﬁ-
cantly higher in the other events (Figs. 9 and 10). There were
no indications of plasma density dropouts in the E-region
associated with any of the black aurora events, which Blixt
and Kosch (2004) used as an indicator for the lack of strong
downward ﬁeld-aligned currents when they analyzed events1614 E. M. Blixt et al.: Relative drift between black aurora and the ionospheric plasma
Velocity [m/s]. 2002-03-05
20:00 20:03 20:06 20:10 20:13 20:16 20:20 20:23
hh:mm, UT
East, 300 m/s
North, 300 m/s
02A 02B 02C
Velocity [m/s]. 2003-03-02
21:53 21:56 22:00 22:03 22:06 22:10 22:13 22:16
hh:mm, UT
East, 300 m/s
North, 300 m/s
03A 03B
Velocity [m/s]. 2003-03-02
23:33 23:36 23:40 23:43 23:46 23:50 23:53 23:56
hh:mm, UT
East, 300 m/s
North, 300 m/s
03C
Velocity [m/s]. 2003-03-04
22:53 22:56 23:00 23:03 23:06 23:10 23:13 23:16
hh:mm, UT
East, 300 m/s
North, 300 m/s
03D 03E
Fig. 2. Summary of the plasma drift measurements by EISCAT.
The black aurora observations are indicated by the gray areas and
are labeled according to Table 1.
02A and 02B. For the black aurora in events 03A–03D, the
motion through the radar beam is too fast for this conclu-
sion to be tested. Figure 2 shows the ionospheric plasma
ﬂow measured by the tristatic EISCAT radar. East is to the
left and north is up, as if the plasma ﬂow were seen from
below. The general westward ﬂow direction and speed in
events 02A, 02B, and 02C, is consistent with being in the
pre-midnight sector. Events 03A–03E all occur in the mid-
Table 2. Visual characteristics of each event.
Event Notes
02A 2 black arcs drift S. ripples move W.
02B Black patches evolve into thin black arc, drifting N.
02C Thin distorted black arcs, short-lived drift W.
03A Black elongated patches drifting W, then E.
03B Black arc dissolves, patches drifts E, some shear.
03C Black elongated patches in puls. aurora, drifting E,
then SE
03D Thin elongated black patches moving E
03E Black arc with shear and pulsating aurora.
night sector, or later, and these events all show a predomi-
nantly eastward ﬂow. All ﬂow measurements are consistent
with SuperDARN observations, except for 02A, where no
SuperDARN data is available.
Table 2 summarizes the main visual characteristics of each
event, such as drift direction of the black aurora, whether
there were perturbations drifting along on the borders of the
black region (ripples), and if the auroras have any shear ﬂow.
Video clips from all the events can be viewed at http://www.
phys.uit.no/∼maarten/Results/AnnGeo05.html.
The March 2002 events (02A and 02B) were analyzed by
Blixt and Kosch (2004), and the black aurora from event 02A
isshownthere. Inevent02Atwoeast-westalignedblackarcs
drift slowly south, and fast moving ripples were seen to move
west along the borders of the black arcs. In event 02B, two
black patches slowly transform into a thin black arc, which
drifts slowly northward. Ripples are seen to move both east
and west along the borders. For both of these events there
is no connection between the drift of the optical black au-
rora and the plasma ﬂow, and there is no sign of shear ﬂow
in the aurora. Event 02C shows thin distorted black arcs in-
tertwined with streaks of enhanced luminosity on a diffuse
background. Black arcs are seen to drift west at the end of
the event, which correlate well in both direction and magni-
tude with the E×B ﬂow.
In event 03A the black structures drift much faster than
in the earlier events. An example image of the black aurora
during this event is shown in Fig. 1. At the beginning several
black patches drift westward at a speed of about 2.6km/s, di-
rectly anti-parallel to the observed plasma ﬂow. The black
patches then slow down and start moving eastward, with a
slightly lower speed. This is the only report of westward
drifting black patches in the literature as far as the authors
know. Figure 1 shows the black patches just as they are start-
ing to move eastward. Event 03B is the direct continuation
of 03A, and covers a period where the diffuse aurora gradu-
ally disintegrates. The lower image in Fig. 3 shows how the
diffuse aurora is nearly gone at the end of the event. At the
beginning there are two thin black arcs (not shown) aligned
with the E×B ﬂow vector. The two black arcs soon sepa-
rate and disappear, and there are signs of shear ﬂow in theE. M. Blixt et al.: Relative drift between black aurora and the ionospheric plasma 1615
2003-03-02, 22:05:49.96 UTC
East, 300 m/s
North, 300 m/s
2003-03-02, 22:06:27.96 UTC
East, 300 m/s
North, 300 m/s
Fig. 3. Two images from event 03B, showing the difference in the
structure of the black aurora in the middle of the event (upper im-
age) and closer to the end (lower image), where the diffuse aurora
is nearly gone. In the upper image one of the black patches used for
tracking the drift velocity is seen just above and left of the center.
process. In the middle of the event, several black patches ap-
pear which move eastward (with 1.5–2.7km/s) parallel to the
measured plasma ﬂow (one of the black patches can be seen
just left and above the center of the upper image in Fig. 3).
At the end of this sequence one can not safely identify the
black aurora, as there seems to be a turbulent mixing of dif-
fuse aurora with non-luminous parts of the sky (lower image
in Fig. 3).
Event 03C happens about an hour later in the post-
midnight/early morning sector and the electron density has
decreased signiﬁcantly.
In the diffuse aurora (which showed large pulsating
patches) there was an east-west aligned black arc, with a
sharp bend towards north, which showed no clear drift. The
pulsating aurora partially covers the black arc so that veiling
occurs (Kimball and Hallinan, 1998a). In Fig. 4, the upper
2003-03-02, 23:52:22.36 UTC
East, 300 m/s
North, 300 m/s
2003-03-02, 23:52:22.76 UTC
East, 300 m/s
North, 300 m/s
Fig. 4. Two images from event 03C, about 0.5 s apart, showing the
black aurora in an on (upper image) and off (lower image) phase of
the pulsating aurora (veiling).
image shows the pulsating aurora covering the black aurora.
Half a second later, the lower image in Fig. 4 shows how the
black aurora has reappeared again. About 20 s into the event,
the black arc transforms into several elongated black patches
which are seen to drift eastward.
Event 03D occurred in an active period. Thin elongated
black patches were seen to drift rapidly eastward (around
4km/s). The drift is remarkably well aligned with the mea-
sured plasma ﬂow, as can be seen in Fig. 5, but much faster
than the plasma ﬂow.
Ten minutes later event 03E starts. The plasma ﬂow had
slowed down slightly, being more towards the southeast.
Two parallel black arcs were visible, southeast to north-
west aligned, but strong pulsating aurora partially covered
the black aurora, which made drift velocity estimates difﬁ-
cult. Figure 6 shows the two black arcs and how the pulsat-
ing aurora on phase (lower image) covers the southernmost1616 E. M. Blixt et al.: Relative drift between black aurora and the ionospheric plasma
2003-03-04, 22:57:49.96 UTC
East, 300 m/s
North, 300 m/s
Fig. 5. An image from event 03D, where elongated black patches
were drifting rapidly and parallel to the plasma ﬂow (indicated by
the vector).
Table 3. Comparison of the different velocities observed. vp is
plasma ﬂow velocity measured by the EISCAT radar, vd is the drift
velocity of black structures, vr is the velocity of small-scale pertur-
bations or ripples on the borders of the black structures. NW stands
for northwest, etc.
Event vp [km/s] vd [km/s] vr [km/s]
02A 0.5NW−0.3SW 0.05S 2W
02B 0.6SW−0.1S 0.05N 0.8E and W
02C 0.7W 0.6E and W −
03A 0.6E 1.6E−2.6W −
03B 0.5E 1.5−2.7E 4E−6W
03C 0.7SE 1.5SE−2.2E −
03D 0.5NE 4E −
03E 0.3SE − 7E
black arc. At times, the pulsations covers both arcs. Later in
the event, the northernmost black arc became visible for sev-
eral seconds, and fast moving perturbations on its northern
boundary were seen.
Table 3 summarizes the plasma ﬂow measurements of the
radar and the observed black auroral drift velocities for each
event. The riometer observations tabulated in Table 4 indi-
cate that there are precipitating particles with energies over
25keV present in all events. As a part of the tail of the
electron energy distribution, this is consistent with the as-
sumed altitude of the background aurora (105km) within
which the black aurora is visible, as well as the typical
precipitating particle energy associated with diffuse aurora
(Paschmann et al., 2002).
2003-03-04, 23:11:23.16 UTC
East, 300 m/s
North, 300 m/s
2003-03-04, 23:11:23.96 UTC
East, 300 m/s
North, 300 m/s
Fig. 6. Two images from event 03E, less than one second apart,
showing the off (upper image) and on (lower image) phase of a pul-
sating aurora which partially covers the southernmost black aurora.
4 Analysis
Our goal is to determine whether a relationship exists be-
tween the drift velocity of black aurora and the characteris-
tic energy of the causative electron ﬂux in the surrounding
diffuse aurora. The electron density proﬁles measured by
EISCAT provide indirect information about the characteris-
tic energy and the overall shape of the incident electron en-
ergy spectrum. As the characteristic energy increases, the
altitude of maximum electron density decreases in a pre-
dictable manner. Models of the ionospheric response to an
auroral particle source have been used to formulate an in-
verse problem whereby the differentialnumber ﬂux spectrum
may be estimated from a measured E-region density proﬁle
with no prior assumption on its functional form (Vondrak
and Baron, 1975; Brekke et al., 1989). Semeter and Kamal-
abadi (2005) have developed a variant implementation of this
procedure involving the Maximum Entropy method and haveE. M. Blixt et al.: Relative drift between black aurora and the ionospheric plasma 1617
Table 4. Summary of the absorption data from the IRIS imaging
riometer. The ﬁtting parameter (γ), the estimated characteristic en-
ergy (E0) and temperature (kT), from Eq. (1) is shown for each
event.
Event Absorption [dB] γ E0 [keV] kT [keV]
02A ∼0.3 1.2 2.7 2.6
02B ∼0.3 — — —
02C ∼0.3 0.6 1.7 1.7
03A ∼0.4 1.1 5.5 4.9
03B ∼0.5 4.0 9.5 2.6
03C ∼0.2 1.5 6.6 3.8
03D ∼0.2 1.0 9.5 7.6
03E ∼0.5 0.8 11.5 8.5
investigated its sensitivity to the principle sources of uncer-
tainty in the model and measurements. Their procedure was
found to be robust in the following sense. When an iono-
spheric electron density proﬁle was computed using a given
measured electron energy spectrum, the original spectrum
could be reliably recovered, even if large statistical errors
were incorporated in the measurement. The bulk properties
in the recovered spectrum (e.g. net energy ﬂux, characteris-
tic energy) were also reliably recovered in the presence of
certain types of model uncertainty. Direct veriﬁcation of in-
version results is difﬁcult owing to the difﬁculty in obtaining
in-situ measurements for small-scale auroral forms. How-
ever, Kirkwood and Eliasson (1990) and Osepian and Kirk-
wood (1996) have demonstrated order-of-magnitude agree-
ment with conjugate satellite measurements.
Figures 7 through 10 show typical electron density pro-
ﬁles, together with the accompanying recovered spectra for
each event. Some cautionary points should be made concern-
ing the interpretation of the recovered spectra. First, as the
electron energy increases, the sensitivity of the altitude of the
ionization peak to changes in characteristic energy decreases
dramatically. At the same time, for energies <500eV, the
electron deposition altitude is above 180km, where electron
density may be inﬂuenced by horizontal transport. Thus,
there is a range of energies from 0.5 to ∼40keV where the
inversion can be considered reliable.
Although the shape of the recovered energy spectra is not
constrained in the inversion, the spectra often take the form
ofanexponentiallydecayingbackgrounddistributionwithan
additional suprathermal distribution (bump in tail), as seen in
Figs. 7 to Figs. 10. Extensive studies show that the κ distri-
bution is very good at ﬁtting the high energy tail often found
in space plasmas (Vasyliunas, 1968; Olsson and Janhunen,
1998; Kletzing et al., 2003). In our effort to ﬁt the recovered
spectra to a model, we choose to use a simpler distribution
closer to the Maxwellian distribution,
F(E)=A0(E/kT)γ exp
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Fig. 7. Electron density proﬁles and differential number ﬂux (cal-
culated through inversion of the density proﬁle) for events 02A and
02B.Whenapplicable, aMaxwellianfunction(dottedline)hasbeen
ﬁtted to the secondary peak in the spectra. This gives approxima-
tions to the characteristic energy (E0) and temperature (kT) of the
precipitating electron population.
where E is the energy in keV. This function will not ﬁt the
high energy tail so well, but, as mentioned above, the inver-
sion is not so reliable at high energies. Our simpler model
will yield a reasonable estimate of the characteristic energy
of the suprathermal peaks occurring in the 0.5 to 40 keV
range. For γ=0, Eq. (1) describes an exponential distribu-
tion, for γ=1 a Maxwellian, and for γ≥2 a modiﬁed power-
law distribution (Rees, 1989). kT is the temperature of the
source (in keV), and we have deﬁned the characteristic en-
ergy, E0, as the energy for which the supra-thermal distribu-
tion peaks. The distribution in Eq. (1) is not an accelerated
distribution (Evans, 1974). The reason for this choice is that
the electrons generating the diffuse aurora, within which the
black aurora appears, are thought not to have been acceler-
ated (Strickland et al., 1994).
The black aurora events studied here last from about 1 to
5min. As the diffuse aurora changes slowly in each event,
and the EISCAT data post-integration time is fairly long (20–
30s), the shape of the recovered spectra (Figs. 7 through 10)
remains fairly stationary during each of the events. In the
cases where a secondary peak is present, the best ﬁt of the1618 E. M. Blixt et al.: Relative drift between black aurora and the ionospheric plasma
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Fig. 8. The same as Fig. 7 but for events 02C and 03A.
curve from Eq. (1) is shown as a dotted line. The dotted
lines are far from being perfect ﬁts, but we have chosen to
use a model with only a few parameters to keep the model
simple and transparent. Our major interest is only the loca-
tion and width of the secondary supra-thermal peak. The re-
sulting characteristic energy ranges from about 2 to 11keV,
and Table 4 shows the results (except for A0, which does
not concern us here) in more detail. Most of the events are
quasi-Maxwellian, however, γ=4.0 in event 03B indicates
that the energy distribution is more of a modiﬁed power-
law type, which suggests that the tail of the distribution has
become wider in this case, presumably under some sort of
acceleration process. Figure 11 shows the measured drift ve-
locity of black patches plotted against characteristic energy
(shown as asterisks). Note how the drift velocity increases
with energy.
5 Discussion and results
Our motivation in this paper is to study how the black patches
drift relative to the ionospheric plasma, and whether the drift
velocity depends on the energy of the electrons in the diffuse
aurora. Both of these factors are pertinent to the question
of whether the black patches are drifting with the magneto-
spheric gradient-B curvature drift or not.
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Fig. 9. The same as Fig. 7 but for events 03B and 03C.
As hot plasma convects inwards from the central plasma
sheet, the highest energy particles start gradient-B curva-
ture drifting already at 10–12RE. Inside of the stable trap-
ping boundary for the high-energy outer belt particles (Feld-
stein, 1974), there is a relatively warm isotropic plasma (∼1–
10s keV) which is the source plasma for the diffuse aurora
(Paschmann et al., 2002). This plasma is bounded on the
equatorial side by the 10–100keV ring current and the MeV
radiation belts. It is safe to say that this source region is
bounded between approximately 6 and 12RE. It is generally
believed that the electron precipitation in the diffuse aurora
is due to scattering or diffusion into the loss cone, and not
acceleration (Strickland et al., 1994).
Recent results and models suggest that black patches are
due to a local drop-out of precipitating electrons, and not
due to downward ﬁeld-aligned current (Kimball and Halli-
nan, 1998a; Peticolas et al., 2002; Blixt and Kosch, 2004).
Kimball and Hallinan (1998a) noted that limited pitch angle
diffusion might be responsible for the black patches. They
also remarked that the general eastward drift of the observed
blackpatchesisconsistentwiththegradient-B curvaturedrift
of trapped energetic electrons in the magnetosphere, and sug-
gested that the black patches might represent structures in
the high-energy electron population, without specifying what
these “structures” could be. This model is based on the work
by Chiu et al. (1983), who argued that the precipitating hotE. M. Blixt et al.: Relative drift between black aurora and the ionospheric plasma 1619
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Fig. 10. The same as Fig. 7 but for events 03D and 03E.
electrons that create optical signatures are gradient drifting
azimuthally on trajectories which can depart signiﬁcantly
from the ionospheric convection path. Results from com-
bined FAST and airborne auroral imager studies by Peticolas
et al. (2002) indicate (their Fig. 4) that black patches are as-
sociated with a large dropout in energy ﬂux at energies of
2–10keV in the loss cone. They attributed this “missing”
loss cone to a local suppression of whistler waves (upper-
band chorus wave). These waves were assumed to be re-
sponsible for the scattering of energetic particle into the loss
cone. Furthermore, Blixt and Kosch (2004) showed through
EISCAT observations of electron density within non-sheared
black patches that they were not associated with any signiﬁ-
cant downward currents.
Earlier observations indicate that black patches are not
drifting with the E×B ﬂow. Trondsen and Cogger (1997)
noticed that black patches drifted with respect to the mag-
netic ﬁeld, and not with it. In a group of drifting black
patches, individualpatchesunderwentidenticaldeformations
at a ﬁxed position in space, suggesting that they might have
been drifting relative to a ﬁxed magnetic ﬁeld. Simultane-
ous measurements of drifting black aurora and ionospheric
electric ﬁelds by Schoute-Vanneck et al. (1990) also showed
that the black aurora did not drift with the E×B ﬂow in the
ionosphere.
Fig. 11. Scatter plot of the observed black auroral drift (vd, aster-
isks) and measured plasma ﬂow velocity (vp, triangles) against the
characteristic energy (E0).
If the black patches are due to structures (where the pitch
angle diffusion is locally hindered, or not enabled) in the
high-energy electron population, which drift along with the
magnetospheric plasma, we should see an energy depen-
dence in the drift of the black patches. However, it should be
noted that these localized regions need not drift with the hot
plasma, they could drift along with structures in the waves
which are responsible for the strong pitch angle scattering,
or whatever process is causing the lack of pitch angle scat-
tering in the black aurora. Nonetheless, at this stage we are
only capable of testing whether the drift of black patches is
consistent with the drift of the hot magnetospheric plasma or
with the ionospheric E×B velocity, as the exact mechanism
or process from which the black patches are generated is still
unknown. Figure 11 is arranged so as to show if such an
energy dependence is present. It shows a scatter plot of the
observed drift velocity of the black aurora (asterisks) versus
the measured characteristic energy (E0) of the precipitating
particles within the diffuse background aurora, and there is
clearly an increase in drift speed with increasing energy. We
have used the maximum velocity observed during each event
in Fig. 11. Events 02B and 03E are not included (for 02B
we have no estimate of the characteristic energy, and for 03E
we have no estimate of the drift velocity of the black aurora).
The plot also shows the measured ionospheric plasma ﬂow
velocity (triangles) versus E0. Note how the plasma ﬂow ve-
locity is essentially the same at all energies. The deduced
range of energies ﬁt well with the observations of Peticolas
et al. (2002), who associated black auroras with a dropout in
electron energy ﬂux at energies of 2 – 10keV.
We can go a step further and compare the observed drift
velocities with the combined gradient-B and curvature drift
in the magnetosphere. This drift is given by
vgc =
(W⊥ + 2Wk)(B × ∇)B
eB3 , (2)
where W⊥ and Wk are the perpendicular and parallel ener-
gies of the plasma. If the source plasma is considered to be1620 E. M. Blixt et al.: Relative drift between black aurora and the ionospheric plasma
isotropic, which is a fairly good approximation in this case,
and if the magnetic ﬁeld is given by a dipole ﬁeld, which may
not be such a good approximation at distances of more than
6 Earth-radii (RE) away from Earth, the angular velocity of
the electrons (eastward in the equatorial plane) is
vφ = 2π
LW
3×106 [rad/s], (3)
where L is the distance from the surface of the Earth in RE,
and W is the energy of the electrons inkeV (Parks, 1991).
This angular velocity can be mapped down to the iono-
sphere and the resulting drift velocity in the ionosphere, for
different energies and L-shells, can be compared with the
observed drift velocities of the black patches.
The observed range of velocities (1.5–4km/s) correspond
to the gradient-B curvature drift of 10–50keV electrons for
6 ≤L≤12 (the assumed source region of the diffuse aurora).
While these high energies are consistent with the riometer
observations of the high energy tail of the precipitating elec-
tron energy distribution, it is unlikely that the bulk of the
particles generating the diffuse aurora have such high en-
ergy. This is foremost because the ionospheric density pro-
ﬁle generated by such high energy bulk particles is inconsis-
tent with the density proﬁle measured by the EISCAT radar.
The mismatch between observed characteristic energy (2–
11keV) estimated from the density proﬁles, and the energy
deduced from the gradient-B curvature drift in a dipole ﬁeld
(10–50keV), may have two major contributing factors. First,
since the theoretical drift velocity yields higher velocities for
larger gradients in B, and the dipole ﬁeld overestimates the
gradient in B compared to a stretched dipole, the electrons
may, in reality, move slower than what the model suggests.
Thus, we overestimate the energy of the electrons at a given
drift speed. In order for the energy of the gradient-B curva-
ture drift in a dipole ﬁeld to match with the observed energy
of the diffuse aurora, we need to assume that the dipole ﬁeld
model is overestimating the energy with a factor of three. Al-
though we can expect large variations from the dipole ﬁeld at
distances close to 10–12RE (the outside boundary of the dif-
fuse aurora source region), especially during disturbed con-
ditions such as those reported here, it is beyond the scope of
this article to model the gradient-B curvature drift in more
realistic magnetic ﬁeld models. Second, the mechanism that
hinders scattering into the loss cone need not drift with the
particle population that generates the diffuse aurora. Thus,
if the dipole ﬁeld model can be assumed to be correct, the
mechanism that hinders scattering into the loss cone drifts
with a higher energy particle population (10–50keV), while
the diffuse aurora is generated by a 2–11-keV electron popu-
lation.
The tendency for the black aurora drift speed to increase
with the energy of the precipitating electrons, and the fact
that the absolute majority of black patches are observed to
drift eastwards, lend support to the hypothesis that the mech-
anism generating the black aurora is drifting with the hot
magnetospheric electrons. However, there is one case in
which black patches drift westward (beginning of 03A, at
around 22:02 UT), counter to the gradient-B curvature drift.
All earlier observations of drifting black patches (Parsons
and Thomas, 1973; Schoute-Vanneck et al., 1990; Trondsen
and Cogger, 1997; Kimball and Hallinan, 1998a) are east-
ward, and it is uncertain what creates the discrepancy in this
case. It could be that the substorm onset just prior to the start
of the event (according to SAMNET there is one onset at
21:50 and another at 22:11 UT) caused dramatic changes in
the shape of the magnetic ﬁeld line sufﬁcient to temporarily
reverse the drift direction (Li et al., 1998).
6 Summary and conclusions
Eight events, each about 1–4min long, where black auroras
have been observed through an image intensiﬁed video cam-
era and where the EISCAT radar measured the ionospheric
plasma ﬂow and electron density, have been examined in or-
der to study whether black patches are drifting with a veloc-
ity consistent with the gradient-B curvature velocity of the
hot source plasma or not. The results show that most black
patches drift eastward, with v∼1.5–4km/s, which is faster
than that which Kimball and Hallinan (1998a) and Trondsen
and Cogger (1997) observed, but similar to what Parsons and
Thomas (1973) and Schoute-Vanneck et al. (1990) observed.
The observed drifts of the black patches is several km/s faster
than the ionospheric plasma ﬂow, but often in the same direc-
tion. One case of westward drifting black patches, opposite
to the gradient-B curvature drift, is reported for the ﬁrst time.
The reason for this westward drift remains unclear.
Through an inversion of the electron density proﬁles, the
characteristic energy of the precipitating electrons has been
estimated, and these agree well with observations by Petico-
las et al. (2002). Most signiﬁcantly, we have found that the
drift velocity of the black patches increases with the energy
of the precipitating particles. As expected, the E×B velocity
was found to be unrelated to the particle energy. The increase
in drift velocity with energy and the direction is consistent
with the magnetospheric gradient-B curvature drift, but only
an order-of-magnitude agreement in actual drift speed could
be established with a rudimentary model of the gradient-B
curvature drift speed in a dipole ﬁeld.
Our ﬁndings support the theory that black patches are due
to structures in the magnetospheric hot plasma where scat-
tering into the loss cone has been suppressed, and that these
structures are gradient-B curvature drifting along with the
hot plasma, thereby generating an eastward drift of the black
patches which is increasing with increasing energy of the
precipitating electrons.
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